Abstract: 4H-SiC was irradiated with 3.5 keV He + ions using the MIAMI facility at University of Huddersfield. The evolution of microstructure and gas bubbles during the irradiation at 700°C, 800°C and 900°C was observed by in situ transmission electron microscopy. Under irradiation, isolated bubbles and bubble discs formed in the SiC matrix. Bubble discs lying on {0001} and {10-10} crystal planes were beginning to form at ion fluence above 2.3×10 20 He + /m 2 at 700°C. The density of bubble discs increased with increasing irradiation fluence. However, growth rates were different at different of the implantation periods and temperature holding periods. The nucleation and growth of the bubble discs were attributed to be coalescence of the adjacent He vacancies and combination of loop punching and trap mutation, respectively.
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Silicon carbide is considered as a promising candidate material used in nuclear energy due to its superior irradiation tolerance, high thermal conductivity, low thermal expansion, good thermal shock resistance and chemical inertness [1, 2] . One of the most important applications is that SiC can be used as a structural layer in Tri-structural isotropic (TRISO) particles which have been used as nuclear fuel in high temperature gas-cooled reactors for several decades [3, 4] . At present, TRISO particle fuels are also considered to be used in fluoride salt high temperature reactors and light water reactors [2, 5] . After the catastrophic events at the Fukushima Dai-ichi nuclear reactors, ceramic accident tolerant fuel (ATF) systems utilizing SiC-based cladding have been under development as a potential replacement for zircaloy due to significantly low exothermic reaction with steam and their ability to retain a stable core geometry to very high temperature [6, 7] . In the newly designed fully ceramic micro-encapsulated fuel (FCM) system, the TRISO particles are embedded in an additional fission product barrier of SiC matrix thus providing enhanced safety and superior irradiation resistance as compared to the traditional TRISO compact as well as UO 2 fuels [5, 8] . SiC has been also proposed as a first wall material in fusion reactor [9, 10] . Helium is inevitably introduced into the first wall material by energetic helium bombardment from the plasma and (D,T) reactions [11] . Helium atoms gather to form bubbles or bubble discs that may hasten the degradation of SiC-based materials.
Effects of helium irradiation on SiC have been widely investigated. Zhang et al. studied the helium fluence dependence of nanoscale cavity formation in 4H-SiC [12] . Helium bubbles were formed in 4H-SiC when helium was implanted at the room temperature, 227°C and 600°C. Planar bubble clusters were found when these He-implanted samples were annealed at temperature above 700°C. Hojou reported the helium bubbles were likely to be formed along the basal plane of
hexagonal SiC [13] . In Chen's work, He + implantation of hot-pressed SiC at ambient temperature resulted in the formation of helium platelets lying on {0001} planes [14, 15] . Transformation from the platelet-shaped cavities into bubble discs was reported when irradiated samples were annealed at 1227°C. Bubble-loop complexes were formed when annealed temperature at 1427°C. Li et al.
observed bubble discs associated with dislocation loops and stacking faults inside grains after post-irradiation annealing at 1000°C [16] . Texier et al. found the large cavities lying on {0001} and {10-10} are formed and experienced on transformation when the He irradiated 4H-SiC were annealed at 1700°C [17] .
These large amount of ex situ experiment results of helium irradiation SiC are important for understanding of irradiation effects on SiC. However, these experiments cannot provide and display the temporally and spatially microstructure variation that are very important for the underline fundamental irradiation effect. Based on the characteristics of online facilities of accelerator and TEM, in situ observation was used to understand the evolution of microstructure. Pawley reported the evolution of bubbles in 4H-SiC by helium implantation at 700°C [18] . Hojou's in situ experiment demonstrated that the pre-implantation of hydrogen could enhance the formation and growth of helium bubbles in SiC [19] . Those studies provided rich microstructure evolution behaviors of SiC under ion irradiation. However, there are still some questions that need to be addressed, such as, the mechanism of the nucleation and growth of bubble discs. In the present work, the microstructure evolution behaviors of 4H-SiC by helium irradiation are investigated by in situ TEM in the temperature range of 700°C-900°C.
Experiment
4H-SiC single crystal from Cree Corporation, USA, was used in the present work. The
specimen surface is 7.88° off the (0001) plane. Both sides of each specimen were polished by diamond sand paper. After thinned to 10~15µm, specimen was glued on a molybdenum grid by G-1 epoxy glue. Then, specimen was thinned to about 100nm thickness by Ar ion milling using a Precision Ion Polishing System.
Helium ions were implanted into the 4H-SiC specimen at 700°C, 800°C and 900°C using the MIAMI facility at University of Huddersfield, UK [20] . The microstructure and gas bubble 3 Results and discussion crystal direction. It can be seen that lots of isolated bubbles distribute in the SiC matrix at 700°C, 800°C and 900°C. However, a high density of bubble discs are observed at 800°C and 900°C with few at 700°C. Fringes with bright and dark contrast surrounding the bubble discs can be seen in the images. All TEM images in this work were taken at the same under-focused condition of 3.0µm.
The result is in good agreement with Zhang's ex situ experiment, where bubbles discs were M A N U S C R I P T [21] . It is speculated that a temperature threshold around 700°C may be the essential for the formation of bubble discs in 4H-SiC. Chen's post-implantation annealing experiments detected the formation of He platelet-shaped cavities at room temperature in polycrystalline SiC. Then helium platelets transformed to bubble discs after the sample had been annealed up to 1227°C [15] .
A C C E P T E D
However, in the present work, the transformation phenomenon was not observed. This may be due to the instantaneous transformation and the subtle contrast change between He platelets and bubble discs. The nucleation of platelet-shaped cavities at the early stage of the implantation is thought to be necessary for the formation of bubble discs. Both isolated bubbles and bubble discs are formed in the irradiated areas as shown in Fig.1 . Thus, The isolated bubbles are in favor to be formed rather than platelet-shaped bubble discs if no platelets have been formed. Similar evolution behavior has been reported in He-implanted Mo although detailed mechanism remains in questions [22] .
With increasing He + ion fluence, the bubble discs undergo significant growth at 800°C as shown in Fig. 2 . Three bubble discs as indicated by white rectangles in Fig.2 
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6 the helium irradiation is stopped. The length of #3 bubble disc increases from 7.5nm to 17.5nm at only 6min pause after irradiation with 3.1×10 20 ions/m 2 as shown in Fig.4(a) . Correspondingly, the width of #3 bubble disc increases from 1.8nm to 2.7nm as shown in Fig.4(b) . The similar growth of other two bubble discs during the implantation and temperature holding periods are observed as shown in Fig.3 and Fig.4 .
The pressures inside the isolated bubbles and the bubble discs should be balanced during helium irradiation in consideration of the co-existence of the isolated bubbles and the bubble discs in the range of 700-900°C. Based on the profile of SRIM calculation, almost all implanted helium remain in the specimen. According to Pawley's work [18] , less than 10% of implanted helium atoms form bubbles and bubble discs after irradiation with 4. ions/m 2 , the growth rates during the implantation periods become relatively bigger than those during the temperature holding periods. The implantation introduced more helium atoms into the irradiated area so that the bubble discs continued to grow.
The bubble discs are believed to be evolved from helium trapped vacancy clusters, which can be written as He x V y , for example, He 2 V, He 3 V, He 4 V 2 (V is short for vacancy) [24, 25] . Although the system is in favor of low energy facets rather than spherical bubbles with higher surface energy for the helium-implanted materials [26] , both spherical bubbles and two dimensional bubble discs were formed in the present work. Therefore, it can be considered that the location of helium trapped vacancy clusters in the lattice and the distance between these vacancy clusters may affect the different nucleation of isolate bubble and bubble discs in SiC. Those vacancy clusters, which are generated near specific low energy planes, are able to coalesce together. The lattice atoms between them can be kicked out by trap mutation to turn into interstitials. The interstitial C and Si atoms have a migration energy of 0.74 eV and 1.53 eV [27] , respectively , which is much lower than the migration energy of C vacancies (3.2-3.6 eV) and S vacancies (3.5-5.2eV) [28] . These interstitial C and Si atoms can be trapped between specific low energy planes to form interstitial dislocation loops, for example, (0001) and (10-10) planes. These coalesced vacancy clusters surrounding by interstitial dislocation loops act as nuclei of helium platelets. Once the nuclei are formed, they will grow by loop punching. Meanwhile, trap mutation process takes place at the edge of the platelets.
The growth of bubble discs could be explained by these two processes. Furthermore, both of two processes are driven through the relaxation of inner pressure of the platelets. The inner helium pressure dropped discontinuously during these processes [29] . This may lead to the collapse of helium platelets. The transformation from platelets to bubble discs occurs after the collapse and some of the interstitial atoms return back into the lattice sites. It is believed that a cluster of small spherical bubbles have lower energy than a single platelet [22] .
Specimen implanted with a fluence of 9. and {01-10} planes, which are equivalent prismatic planes.
The helium platelets/bubble discs have also been found in some other materials irradiated by helium, such as in Mo [19, 30] , Ni [31] , Ti [32] and B 4 C [33]. Platelets/bubble discs in Mo with BCC structure lied on {110} close-packed planes [19] . For Ni with FCC structure, the platelets lied on {111} close-pakced planes [31] . In Ti with HCP structure, platelets lied on {0001} basal planes [32] . however, platelets/bubble discs in SiC preferentially lied on {0001} planes [13, 21] and {10-10}
planes [17] . Consequently, the helium platelets are expected to nucleate preferentially on the close-packed planes that have largest distance between the two lattice layers and have least activation energy for the mutation trap process.
Conclusions
In situ TEM has been used to study irradiation effects and He bubble formation in 4H-SiC 
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